We revisit the calculation of charm particle production in hadron collisions, focusing on the production of charm particles that carry a large fraction of the momentum of the incident proton. In the case of strange particles, such a component is familiar from the abundant production of K + Λ pairs. Modern collider experiments have no coverage in the very large rapidity region where the forward pair production dominates. While forward charm particles are produced inside the LHC beampipe, they dominate the high-energy atmospheric neutrino flux in underground experiments because long-lived pions and kaons interact before decaying into neutrinos. The fragmentation of the spectator quark in the partonic subprocesses qc → qc and gc → gc is responsible for the forward component of charm production in perturbative QCD. We use this phenomenological framework to construct a charm cross section that saturates available accelerator and cosmic ray data, i.e., it represents an upper limit on the normalization of the charm cross section that cannot be reliably calculated because the charm mass is much smaller than the center-of-mass energy. Where the highest energy IceCube observations are concerned, we conclude that the upper limit on the flux of neutrinos from forward charm production may dominate the much-studied central component. It may therefore also represent a significant contribution to the TeV atmospheric neutrino flux but cannot accommodate the PeV flux of high-energy cosmic neutrinos observed by IceCube, or even the excess of events observed in the 30 TeV energy range.
I Introduction
The production of charm hadrons by cosmic rays interacting in the Earth's atmosphere [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] is the dominant background for the detection of cosmic neutrinos above an energy that depends on the charm cross section and on its dependence on Feynman x F . Because of their short lifetime, charm hadrons decay promptly into neutrinos in contrast with relatively long-lived high-energy pions and kaons that, at high energies, interact and lose energy before decaying. Although prompt neutrinos may represent the dominant component of the atmospheric neutrino background for the identification of the cosmic neutrino flux at PeV energy, they have not yet been identified as such. IceCube observations [11] indicate that the neutrino flux is dominated by conventional atmospheric neutrinos at low energy and by cosmic neutrinos at high energy; charm neutrinos never dominate the measured spectrum. Obviously, the issue is of great interest because a poor understanding of a potential charm neutrino background interferes with the precise characterization of the cosmic flux measured by IceCube. Neutrinos provide the first unobstrutced view of cosmic accelerators at the highest energies.
It is important to realize that the production of charm in the atmosphere cannot accommodate the observed flux of high energy neutrinos. We know, independent of theory, that the charm flux tracks the energy dependence of the cosmic ray flux incident on the atmosphere and that it is indipendent of zenith angle. There is no evidence for such a component in any of the multiple IceCube analyses. On the other hand there is accumulating evidence for a steepening of the cosmic neutrino flux with lower threshold; the flux is not a single power. Already the first attempt to lower the threshold [11] revealed an excess of events in 30 TeV energy range raising the possibility of a charm background.
The hadronic production of charm particles has been extensively studied in the context of perturbative QCD [12] [13] [14] [15] . These calculations often use a color dipole description of the target proton [16] [17] [18] [19] in order to mitigate the breakdown of the perturbative calculation associated with large log(1/x) where x = m c / √ s. Here m c is the charm quark mass and s the center-of-mass energy of the colliding hadrons. At high energy, the charm quark is no longer a heavy quark whose mass controls the perturbative expansion. More importantly, these calculations only describe the central production of charm particles with a cross section that peaks at Feynman x F ∼ 0, providing an incomplete picture. For strange particles, the central component of particle production is accompanied by a forward component where the incident proton transfers most of its energy to a K + Λ pair with the same quantum numbers [20] . It dominates strange particle production at large Feynman x F . In this paper, we evaluate the corresponding cross section for charm production in perturbative QCD making no attempt to compute its normalization, which is highly uncertain as it is for the central component. However, limits on its magnitude can be derived using IceCube observations of the atmospheric flux of muon and electron neutrinos and data from archival experiments performed at the CERN Intersecting Storage Ring (ISR). We will thus obtain a "maximal" contribution of the forward component of charm particle production that, like for strange particles, contributes qualitatively at the same level as the central component to the total charm particle cross section. However, while it dictates the production of the highest energy atmospheric neutrinos in IceCube, we conclude that it cannot accommodate the flux of cosmic neutrinos that dominates the spectrum at the highest neutrino energies. In addition, this forward charm production is unable to explain the 30 TeV excess over the best-fit power law as seen in a recent IceCube analysis focusing on lower energy neutrinos [11] .
It has been pointed out some time ago that a perturbative QCD calculation of charm produces a forward component that peaks near x F ∼ 1 where it dominates the central component [21] . The forward charm particles are the hadronization product of the spectator quark in the leading-order partonic subprocesses qc → qc and gc → gc; see Fig. 1 . While the active constituent charm quark carries a momentum fraction x ∼ 0, the spectator quark hadronizes with the valence quarks of the incoming proton into a charm hadron that carries a large fraction of the proton momentum. The high-momentum charm hadrons thus produced decay leptonically to energetic muons and neutrinos that penetrate into underground detectors. The spectrum of these neutrinos extends higher in energy than predicted by calculations that have neglected the forward component. While this prompt neutrino flux cannot explain the high-energy neutrino flux observed by IceCube, it potentially represents a background to the cosmic neutrino flux and is therefore critical to characterize. This paper is organized as follows: in section II, the differential cross section for production of the spectator charm quark is derived within the conventional framework of perturbative QCD. In section III, we evaluate the associated upper limit flux of prompt neutrinos. We subsequently discuss in section IV the effect of the IceCube veto routinely imposed in IceCube analyses. It requires that candidate cosmic neutrinos are not accompanied by particles that signal the presence of an air shower. We finally confront our estimates of the charm flux with the data in section V.
II The Forward Charm Cross Section
We first perform the leading order calculation of charm quark production including the diagrams involving constituent charm quarks in the interacting hadrons,
(1) where the incoming proton interacts via its charm constituents described by the parton distribution function (PDF) c(x a , Q 2 ). Here, f (x t , Q 2 ) is the PDF of the target, x a is the active charm quark fractional momentum, x t is the target parton fractional momentum andσ fc→fc is the partonic cross section. We sum over the diagrams involving a charm constituent of the interacting hadrons shown in Fig. 2 . All subprocesses are explicitly given in the appendix. We fix the two free parameters, Q c , respectively, to match cc cross section data following references [22] [23] [24] [25] [26] . Whereas the charm structure function of the proton could at best be guessed at in reference [21] , the charm partonic distribution function has now been determined by collider experiments. For this paper, we use the PDF set CT10 [27] .
We next focus on the contribution of the charm cross section where the spectator quark bleaches its color by combining with the valence quarks in the incident proton,
where x s is the spectator charm quark fractional momentum and x u1 , x u2 , x d are the valence quarks fractional momenta. We enforce x s = 1 − x a − x u1 − x u2 − x d such that the spectator charm quark carries all momentum not carried by the valence quarks or active charm quark. Finally, P (x u1 , x u2 , x d ) is the probability distribution of the valence quarks fractional momentums given by the normalized parton distribution functions of the valence quarks,
The resulting charm cross section is shown in Fig. 3 for an incident proton energy E p = 10 6 GeV. The forward component is shown along with the central component dominated by the subprocess gg → cc, Eq. (6). While the active charm component represents a subdominant contribution to the central production of charmed particles, the spectator contribution dominates for x-values above 0.2. The spectator charm effectively becomes a valence quark during this interaction, resulting in the forward production. Note that perturbative QCD generates a forward component of the charm cross section without resorting to intrinsic charm. The subprocess effectively promotes the spectator charm to a valence quark. The phenomenology is therefore similar to that of intrinsic charm quarks in the proton and we do not anticipate that an analysis modeling intrinsic charm will lead to different conclusions. A caveat at this point is that the spectator charm cross section calculates the production of a charm quark and not a charmed hadron. The hadronization of the spectator charm quark with the valence quarks of the incident proton results in the dominant contribution to forward scattering. The strings linking the charm quark with the other proton constituents into charm hadrons reduce its fractional momentum. We implement a hadronization scheme inspired by reference [28] by reducing the charmed baryon momentum, x Λc = x s /1.1. In Fig. 4 , we show that this procedure actually describes the x F dependence of the highest energy measurement available from ISR R-422. This archival data represent the strongest constraint on how much momentum can be carried by Λ c D pairs. The calculation described above leads to atmospheric neutrino fluxes that exceed the data. As the normalization of the cross section is sensitive to the scales defining the perturbative QCD expansion, we let it float and obtain a maximal value for a normalization σ(Λ c )/σ(c s ) = 0.214. In other words, there is a tension in normalization between the atmospheric neutrino and ISR data; see also Section III. We repeat the same procedure for D 0 and D − meson hadronization with a shape change of x D = 3x s /4 and cross section normalization of 0.476 and 0.238 respectively.
An important note, the hadronization scheme chosen is maximal without exceeding measured neutrino fluxes. We thus obtain an upper limit of the forward charm contribution to the neutrino flux and explore its potential impact on the IceCube events observed. Although it is straightforward to include the higher order diagrams, the changes introduced are well within the uncertainties associated with the hadronization that is poorly constrained by data.
III Prompt Neutrino Flux Upper Limit
We next calculate the neutrino spectrum from the decay of the charmed hadrons using the MCEq atmospheric interaction package [30] . We use two parameterizations of the incident cosmic ray flux from Gaisser and collaborators [31] [32] [33] . These fits to the cosmic ray flux assume a very different primary composition, yet they yield very similar results in this context. We use the H3a fit, which assumes a heavy nuclei composition at high energies, for the rest of the paper.
The neutrino spectrum upper limit resulting from the maximal contribution of the hadronization of the spectator charm described in the previous section is compared to the highest energy measurements [34] of the atmospheric electron flux in Fig. 5 . It is compared to the one of Enberg et al. referred to as ERS [1] . Note that our floating normalization spectator charm neutrino flux added to the conventional pion and kaon neutrino flux [35] saturates the atmospheric electron neutrino flux measured by IceCube [34] . A future measurement with higher statistics will be very useful in this context. IceCube has also performed an analysis [11] of neutrino events starting in the detector that has resulted in an upper limit of the prompt neutrino flux. We note however that the flux was modeled after the ERS flux and only the normalization was varied. As seen in Fig. 5 , the spectator charm neutrino spectrum has a different shape, closer to an E −2 spectrum below 100 TeV. This allows the model to partially evade the current IceCube limits. We also calculated the expected number of ν µ events penetrating the Earth; the result is compared to the first two years of IceCube [36] in Fig. 6 . It is also compared to the best fit cosmic neutrino spectrum. An important point about the flux from the spectator charm neutrino is the flavor and neutrino antineutrino ratio: for the astrophysical neutrino flux the flavor ratio is assumed to be 1:1:1 for ν e : ν µ : ν τ and equal parts neutrino and antineutrino. In contrast, for the spectator neutrino flux the flavor ratio is ∼ 1:1:0 and the neutrino to antineutrino ratio is ∼ 1:10. This is important when comparing the spectator neutrino flux for different analyses as they tend to prefer specific neutrino flavors.
While one may be tempted to conclude that the spectator neutrino flux may accommodate the data, this is not the case. The updated analysis using six years of IceCube livetime has revealed a high-energy astrophysical spectrum of E −1.91 , including a very high energy neutrino event with deposited energy of 2.6 PeV [37] . The flux of charm origin shown in Fig. 6 cannot describe this result. 6 . The expected number of events in two years of IceCube looking for νµ events coming through the Earth. We compare the spectator neutrino expected number of events to the best fit astrophysical spectrum found in [36] .
IV Comparison to IceCube Observations
We have fixed a normalization of our maximal prompt flux that saturates the IceCube measurements of the atmospheric electron neutrino flux in the ten TeV energy range as well as the muon neutrino data in the 100 TeV energy range; see Fig. 5 and Fig. 6 . Atmospheric neutrinos are produced in air showers and are consequently accompanied underground by high-energy muons produced in the same shower. Therefore, IceCube's veto based searches for cosmic neutrinos routinely introduce a socalled self-veto, where an atmospheric neutrino is vetoed when accompanied by atmospheric muons [38] . We use the technique of reference [38] to calculate the self-veto probability of the spectator charm neutrino flux modulo a modification that we discuss next.
For spectator charm, the charmed hadron carries a large fraction of the incident proton energy. This reduces the energy of the remaining shower, which reduces the probability for producing an high-energy muon in a second, uncorrelated hadron. We contrast correlated and uncorrelated muons, with the correlated produced in the hadron decay along with the observed neutrino, and the uncorrelated originating from other particles in the air shower. While negligible for central charm production, for spectator charm this effect can be significant in calculating the uncorrelated muon self-veto probability. For the correlated muon, a muon that is produced by the same hadron decay as the neutrino, there is no need to make this modification. The uncorrelated muon and cor- The spectator charm neutrino spectrum summed over neutrino flavors is shown for the northern and southern sky, with the self-veto effect added to the southern sky flux. Two IceCube veto-based-analysis best fit spectra summed over neutrino flavor are shown as a reference [11, 39] .
related muon self-veto passing rates are shown in Fig. 7 .
Using these results, we obtain Fig. 8 , the maximal prompt neutrino spectrum resulting from forward charm along the best fit of IceCube neutrino spectra obtained in veto-imposed analyses. We subsequently compute the corresponding number of events in the 2-year "MESE" IceCube analysis [11] separately for the Southern and Northern Hemispheres; see Fig. 9 . For the Northern Hemisphere, it may be tempting to conclude that the data can be described by charm. This conclusion is helped by the fact that cosmic neutrinos with PeV energy and above are in any case absorbed by the Earth. However, in the southern sky, there is a significant disagreement between the observed events and the expected number of events for the extreme spectator neutrino flux that we have constructed, both where its normalization and its Feynman x F distribution are concerned. Clearly an additional astrophysical flux is required to achieve agreement between the expected and observed events. Even after removing the self-veto of the spectator neutrino flux we reach the same conclusion. The basic reason for the disagreement is the softening of the atmospheric neutrino spectrum, which is strongly suppressed above 100 TeVthe prompt flux simply traces the atmospheric cosmic ray spectrum and cannot accommodate the highest energy events.
V Conclusions
We have used leading-order perturbative QCD to emphasize the fact that one expects a central as well as a forward component of charm production, a fact clearly underscored by the data for strange particle production. We have computed the charm cross section and the Feynmanx F distribution of the secondary charm particles including both components with the normalization is treated as a parameter. It cannot be reliably predicted because of large logartihms associated with the small value of m c / √ s at these energies. The normalization was maximized without exceeding the charm measurements at colliders and the high-energy atmospheric neutrino data in underground experiments. We subsequently calculated the upper limit flux of prompt neutrinos from the decay of charmed particles in IceCube, which is clearly dominated by a potential forward component of the flux. Finally, we applied the effect of self-veto on the prompt neutrino flux and showed the expected event distribution for two years of IceCube. We found that the prompt neutrino flux from a forward charm may represent a significant background to the cosmic neutrino flux but cannot explain the high-energy events observed by IceCube at the highest energies.
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VII Appendix
Here we show the partonic cross sections used in this paper with their respective threshold center of mass energy. These cross sections correspond to the Feynman diagrams shown in Fig.2 The expected number of events in both the northern and southern sky for two years in IceCube using a veto-based detection scheme [11] . In the northern sky, the maximal flux from the spectator charm neutrino leaves little room for an additional cosmic neutrino flux without exceeding the observed events. While in the southern sky, an additional cosmic neutrino flux is needed to have agreement between the expected number of events and the observed number of events. Even removing the self-veto effect discussed in section IV, the maximal prompt neutrino flux cannot explain the high-energy events observed in IceCube. 
